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Previous work has established that dendritic spines, sites of excitatory input in CNS neurons, can be highly dynamic, in later
development as well as in mature brain. Although spine motility has been proposed to facilitate the formation of new synaptic contacts, we
have reported that spines continue to be dynamic even if they bear synaptic contacts. An outstanding question related to this finding is
whether the presynaptic terminals that contact dendritic spines are as dynamic as their postsynaptic targets. Using multiphoton time-lapse
microscopy of GFP-labeled Purkinje cells and DiI-labeled granule cell parallel fiber afferents in cerebellar slices, we monitored the dynamic
behavior of both presynaptic terminals and postsynaptic dendritic spines in the same preparation. We report that while spines are dynamic,
the presynaptic terminals they contact are quite stable. We confirmed the relatively low levels of presynaptic terminal motility by imaging
parallel fibers in vivo. Finally, spine motility can occur when a functional presynaptic terminal is apposed to it. These analyses further call
into question the function of spine motility, and to what extent the synapse breaks or maintains its contact during the movement of the
spine.
D 2004 Elsevier Inc. All rights reserved.
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In recent years, the dynamic nature of dendritic spines,
the sites of most excitatory inputs in the central nervous
system (Gray, 1959), has been vividly demonstrated by
microscopy of living cells (Dunaevsky et al., 1999; Fischer
et al., 1998; Grutzendler et al., 2002; Lendvai et al., 2000;
Trachtenberg et al., 2002). In young neurons, much of the
motility takes the form of extension and retraction of
dendritic filopodia (Dailey and Smith, 1996; Ziv and Smith,
1996). The prevalence of spine motility in young neurons
suggests that spine dynamics are involved in synapto-
genesis, possibly by increasing the chances of contact with
presynaptic axons (Bonhoeffer and Yuste, 2002; Dunaevsky0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: Anna_Dunaevsky@brown.edu (A. Dunaevsky).and Mason, 2003; Ziv and Garner, 2004). In contrast to the
protrusive behavior of immature dendritic structures, more
mature spines maintain a more subdued level of motility
termed bmorphingQ, but its function is less clear (Dunaevsky
et al., 1999; Fischer et al., 1998).
Previously, using two-photon time-lapse imaging and
correlative electron microscopy, we demonstrated that
motile dendritic spines can bear synaptic contacts (Dunaev-
sky et al., 2001). It is not known, however, whether the
presynaptic terminals are also motile, and if so what the
extent of presynaptic terminal motility is relative to the
postsynaptic spine.
The parallel fiber (the axon of a granule neuron) to
Purkinje cell synapse in the cerebellum is a good model for
these studies because boutons are regular, are positioned en
passant, and the parallel fibers project orthogonal to the
planar Purkinje cell tree (Altman and Bayer, 1997; Palay and
Chan-Palay, 1974; Pichitpornchai et al., 1994). Here, we
have exploited the simplicity of the cerebellar architecture to277 (2005) 366–377
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express Green Fluorescent Protein (GFP). Using simulta-
neous two-channel two-photon microscopy of these living
preparations, we were able to monitor the behaviors of pairs
of closely apposed dendritic spines and afferent terminals in
cerebellar slices. We set out to determine whether presynap-
tic structures are as dynamic as the postsynaptic spines they
contact, and whether spine motility continues with functional
presynaptic terminal in its vicinity.
We report that presynaptic parallel fiber terminals are
indeed much less motile than the closely abutting dendritic
spines. Parallel fibers behave similarly in the intact brain in
vivo. We also report that spines continue to be motile while
a functional synaptic terminal, capable of recycling pre-
synaptic vesicles, is nearby. The continuation of spine
motility with functional synaptic boutons in close apposition
suggests that spine motility might have roles in synaptic
function in addition to facilitating cell–cell contact prior to
synaptogenesis.Material and methods
Cerebellar organotypic slice-cultures
Postnatal day (P)7-P10 C57/B6J mice were obtained
from Charles River or from a breeding colony at Brown
University. Frontal or sagittal cerebellar slices (350 Am)
were prepared with a Mcllwain tissue chopper. In both
slice orientations, the granule layer, where the cell bodies
of granule cells are located, was preserved. Slices were
placed on Millicell inserts in 10% horse serum (HyClone,
Logan, UT) BME (Gibco) medium, and were incubated at
5% CO2 and 378C, for 5–8 days. The culture medium was
changed every 3–4 days.
GFP transfection
Some slices were transfected by biolistic particle-medi-
ated delivery (Bio-Rad hand-held gene gun) using 1 Am gold
particles coated with pEGFP-N1 (Clontech, Palo Alto, CA)
(Dunaevsky et al., 1999) at 130–150 psi, at 3–5 days in vitro.
Parallel fiber labeling
To label parallel fibers with dyes, a crystal of DiI or
DiO (Molecular Probes) was inserted in the molecular
layer with a glass micropipette. In experiments in which
both parallel fibers and Purkinje cells were imaged, the
crystal was placed 300–400 Am from a GFP-labeled
Purkinje cell, visualized with a fluorescent stereomicro-
scope (MZ FIII, Leica). Only healthy Purkinje cells
(without blebbed dendrites) were chosen as targets. After
1–2 h of incubation, labeled parallel fibers spanning
lengths of over several 100 Am were observed. Once
labeling of parallel fibers crossed the GFP-expressing
Purkinje cell, the membrane carrying the slice was cutout and placed on a microscope stage for two-photon
microscopy. In some experiments, parallel fibers were
transfected with EGFP either with biolistic gene transfer in
slice cultures or by injection of Sindbis virus-EGFP into
the cerebellum of P10 rats in vivo. The features of the
GFP-filled granule cell axons obtained with the biolistic
method and with viral infection in vivo (both of which
likely label individual cells), were very similar to the
features of dye-labeled axons, indicating that labeled axons
are unharmed by these different labeling techniques.
In vivo labeling and imaging
Sprague–Dawley rat pups (7–9 days old) were anes-
thetized with a ketamine/xylazine cocktail and placed in a
stereotaxic apparatus. The skull over the vermis of the
cerebellum was thinned by using a high-speed dental drill
(Fine Science Tools, Canada) and then removed with
forceps to create a small (2  2 mm) craniotomy. The
skull was periodically bathed in ice-cold saline to ensure
that the underlying tissue was not damaged due to
excessive heat during drilling. A glass electrode backfilled
with supernatant with EGFP-Sindbis virus was inserted
into the anterior vermis at a depth of 100–300 Am, using
stereotaxic equipment. A volume of 0.2–0.4 AL was
injected with a picospritzer over a period of 15 min.
Following an injection the skin was sutured and the pup
was reunited with its mother. Twenty-four to 48 h post-
injection, the animal was anesthetized with a ketamine/
xylazine and the injection site was exposed. The craniot-
omy was filled with 2% agar (Sigma) to reduce the
movement of the brain during imaging. A metal plate with
an opening was attached to the skull with dental acrylic
and the plate was then fastened into a metal base that
connected directly into the microscope stage prior to
imaging (Majewska and Sur, 2003).
Ultrastructural analysis of parallel fiber varicosities
Cerebellar slices containing just parallel fibers labeled
with DiI or DiO were fixed in 5% glutaraldehyde using a
microwave (Jensen and Harris, 1989). Slices were embed-
ded in agar and sectioned on a vibratome at 75 Am. Areas
that contained individually dye labeled parallel fibers were
photo-oxidized as described previously (Marcus et al.,
1995). Sections were then photographed and further
processed for electron microscopy analysis (Dunaevsky et
al., 2001). Terminals observed at the light level were then
identified as synaptic varicosities in thin sections by electron
microscopy using a JEOL 1200EX microscope.
Synaptic vesicle labeling with FM1-43
Cerebellar slices prepared as above and transfected with
EGFP then cultured for 5–8 DIV were labeled with FM1-43
(Molecular Probes) at room temperature by a protocol
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carrying the slices were incubated in 50 AM FM1-43 in
regular ACSF for 2 min, then in 50 AM FM1-43 in
depolarizing (60 mM K+) ACSF in the presence of 15 AM
AP-5 (Sigma) for 1 min. Excess FM1-43 was removed by
bath application of 200 AM ADVASEP (CyDex, Kay et al.,
1999) in regular ACSF for 3  3 min. FM1-43 puncta were
considered to be synaptic only if they were subsequently
destained upon exposure to 60 mM K+ (Fig. 6).
Two-photon microscopy, image processing and analysis
After DiI labeling or FM1-43 staining, slices were
transferred to a heated chamber (378C; Warner Instruments)
and perfused with ACSF (95% O2, 5% CO2). Imaging was
performed with multiphoton laser scanning microscopy
(Radiance 2000, BioRad coupled to a Nikon E-600-FN
microscope) with a 60, N.A. 1 water objective. A
wavelength of 900–920 nm was suitable to excite EGFP,
DiI and FM1-43. Images were acquired at a digital zoom of
2–5. For separation of signals from different fluorophores,
two external detectors (PMTs) were used. The following
filters were used to separate DiI and FM1-43 from GFP:
Dichroic: 560 LP, Emission filter for bgreenQ PMT: 515/30,
emission filter for bredQ PMT: 620/100. Time-lapse images
were collected every 30–45 s for 15–20 times. At each time
point, 3–5 focal planes, 0.5 Am apart, were scanned and later
projected into a single image.
NIH IMAGE and IMAGEJ were used for image
processing and analysis. Images were aligned to correct
for drift in the XY planes with the turboreg plugin. In the
case of the two channel movies, the alignment was
performed prior to the separation of the two channels.
The analysis of each component was then performed
separately on each data set. Two measures of motility were
used; the Motility Index (MI) and the motility of the center
of mass (COM) (Konur and Yuste, 2004). For calculation
of MI, images were thresholded to a single level
throughout the entire sequence and were then binarized
and outlined with Image J. A series of seven frames
representing maximal spine displacement were chosen and
superimposed. The motility index was defined as the ratio
of the difference between accumulated and smallest areas
occupied by the spine divided by the average area of the
spine, when the outlines of the spines in a time-lapse
recording were superimposed digitally (Dunaevsky et al.,
1999). For calculation of COM, every frame of a movie
was thresholded, the center of pixel mass was calculated
for each time point and the displacement of COM from
frame to frame was computed. The total displacement was
then divided by the total time to yield a motility measure
in Am/min.
DiI-labeled axonal varicosities and GFP expressing
dendritic spines were considered to be in close proximity
and in possible contact when in the same focal plane (1) the
green postsynaptic pixels and the red presynaptic pixels areabutting each other with no background level pixels in
between, or (2) there is an overlap between the green
postsynaptic pixels and the red presynaptic pixels in at least
one focal plane. In some cases, the GFP-labeled Purkinje
cell soma and larger dendrites appeared yellow because of
very high GFP expression and bbleed throughQ to the red
channel (Figs. 3a and b).Results
Features of parallel fibers in cerebellar slices and in vivo
To understand the extent of motility of parallel fiber
synaptic boutons, we first characterized their morphology
with 2-photon microscopy. Parallel fibers were labeled by
placing a DiI or DiO crystal in the molecular layer of living
cerebellar slices and the labeled parallel fibers were viewed
several hours after dye application (Fig. 1a). When visual-
ized with 2-photon microscopy, individual parallel fibers
were tipped by growth cones (Liljelund and Levine, 1998)
and varicosities (Fig. 1b). We did not analyze the leading tip
of the axon but rather focused on already-formed boutons
that decorate the axonal shaft en passant. A total of 35 fibers
were examined at high magnification from 10 slices and 29
varicosities were monitored. The varicosities had an oval
shape with an average length and width of 2.3 and 1 Am,
respectively. These measurements are in agreement with
previously reported dimensions of parallel fibers terminals
observed with Golgi staining (Palay and Chan-Palay, 1974;
Pichitpornchai et al., 1994). Similar morphologies of parallel
fiber varicosities were observed when parallel fibers were
labeled in vivo, in rats, with Sindbis-GFP virus and viewed
in the intact brain in vivo (Fig. 1c, 18 fibers from two
animals). The similarities in the morphology of parallel
fibers in the different preparations suggest that in the slice
cultures, the parallel fibers are intact and the granule cell
soma are not cut off.
To confirm that the oval varicosities viewed by two-
photon microscopy were synaptic terminals that contain
synaptic vesicles and were in contact with dendritic
spines, we examined identified varicosities by electron
microscopy. DiI-labeled parallel fibers were photocon-
verted, and boutons identified at the light microscopical
level were analyzed in thin sections (Figs. 1d–f, n = 4
terminals). Photoconverted varicosities were found to
contain mitochondria, synaptic vesicles and to contact
dendritic spines. This analysis demonstrates that the
varicosities observed by 2-photon microscopy are indeed
synaptic terminals.
Presynaptic terminals on parallel fibers are not as motile as
dendritic spines
The dynamic properties of parallel fibers synaptic
terminals were assessed with 2-photon time-lapse micro-
Fig. 1. Morphology of parallel fiber axonal varicosities. (a) Two hours after application of a DiI crystal to the molecular layer of a coronal slice from a postnatal
day 10 mouse, individual granule cell axons (parallel fibers) can be visualized. (b) At high magnification, single axons bearing axonal varicosities can be
resolved with two-photon microscopy. (c) In vivo imaging of parallel fibers labeled by Sindbis virus-GFP in a postnatal day 10 rat. The morphology of parallel
fiber varicosities in vivo is similar to that seen in organotypic slices of mouse cerebellum. (d) A DiI-labeled parallel fiber following photo-oxidization. (e) Low
magnification of the same axonal varicosity as in d, examined by electron microscopy. The varicosity (arrow in d and e) is identified by the position of a nearby
cell (asterisk in d and e). (f) The same parallel fiber varicosity, at higher magnification, contains mitochondria (arrows), synaptic vesicles, and contacts dendritic
spines (s). Although the DiI labeling obscures the cytology of the presynaptic bouton, there may be a pre- and postsynaptic density where the bouton contacts
the right-hand spine. Scale bar, 100 Am in (a), 20 Am in (b) and (c), 10 Am in (d), 2.5 Am in (e) and 0.5 Am in (f).
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45 s for a period of 10–15 min. Surprisingly, the majority of
dye-labeled synaptic terminals exhibited very low levels of
motility (Fig. 2). The terminals did not alter their shape in a
significant manner and displayed very little obvious
displacement (Movie 1 in Supplementary data). During
the imaging period, axonal varicosities rarely extended
appendages. In three cases, we observed short (1–3 Am)
filopodia emerge and retract from an axonal shaft and in one
case, a filopodium emerged from an existing varicosity.
To quantitatively confirm the apparent lack of motility of
the parallel fiber boutons, we computed a Motility Index
(MI) of the imaged synaptic terminals. This measure was
previously used to assess the motility of dendritic spines
(Dunaevsky et al., 1999, 2001) and takes into account the
area covered by a spine or a terminal during the imaging
period. The presynaptic terminals had a MI of 0.6 F 0.03
(average F SEM), ranging from 0.45 to 0.96. The MI of
presynaptic parallel fiber boutons is significantly lower than
the MI of dendritic spines imaged in similar cerebellar slices
(Dunaevsky et al., 1999) (also Fig. 5).To examine the possibility that lack of motility of the
presynaptic boutons was due to an imaging artifact,
toxicity, or damage to granule cells due to the slicing of
the cerebellum, we imaged both parallel fiber and GFP-
labeled Purkinje cell dendritic spine in the same slice.
Dendritic spines on dendrites of Purkinje cell in the
vicinity of dye-labeled parallel fibers displayed normal
motility, suggesting that dye labeling did not have a
general toxic effect on the slices (Supplemental movie 2
and Fig. 4a). To discount that the observed lack of
presynaptic terminal motility is due to damage inflicted on
parallel fibers by the lipophillic dyes, we also imaged
parallel fibers in slices that were transfected by Sindbis-GFP
and the biolistic gene-transfer method. The incidence of
granule cell transfection with this method is very low, but in
a few cases, we were able to visualize GFP-labeled parallel
fiber synaptic terminals (not shown). As in the experiments
in which parallel fibers were labeled by dyes, the GFP-
labeled parallel fiber synaptic varicosities were found to
exhibit low motility, with average MI of 0.49 F 0.09 (4
axonal terminals from 3 slices). Finally, we have also
Fig. 2. Low motility of parallel fiber axonal varicosities. (a) Two synaptic boutons on separate parallel fiber axons display little significant change in shape over
a total period of 15 min (time is indicated in minutes). (b) In a few cases (3/35), a filopodium emerged from the axonal shaft and retracted. (c) Time-lapse in
vivo imaging of Sindbis-GFP infected parallel fibers in a P10 rat demonstrate that axonal varicosities are highly stable structures. Scale bar: 2.5 Am.
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P10 rats, and saw a similar degree of immotility in terminals
over periods of 20 min (Fig. 2c). Thus, these experiments
demonstrate that the terminals of parallel fibers are not very
dynamic.
Putative contacts between Purkinje cell dendritic spines and
parallel fiber axonal varicosities
To understand the morphological dynamics of pre- and
postsynaptic compartments of a synapse, Purkinje cells and
granule cell axons were labeled with GFP and DiI,
respectively, and were imaged simultaneously in frontal
cerebellar slices. In frontal slices, much more of the parallel
fiber trajectory is intact, but the Purkinje cell dendritic tree,
varies from appearing as a bcypress treeQ, with the dendrites
overlapping each other (Fig. 3b) to having a more stereo-
typic fan-like dendritic tree that is more commonly viewed
in sagittal sections (Fig. 3a). However, although fewer
dendritic segments can be visualized per cell in the frontal
slices compared in sagittal slices, individual dendritic spines
can be imaged. As previously described, dendritic spines
and dendritic filopodia densely decorate the dendritic shafts
(Dunaevsky et al., 1999). The dendritic spines of Purkinje
cells have relatively short necks, giving them a relativelyhomogenous squat appearance compared to the more
heterogeneous hippocampal or cortical spines (Dunaevsky
et al., 1999; Harris and Stevens, 1988) (Figs. 3c–f).
After insertion of dye crystals into the molecular layer,
DiI-labeled parallel fibers intersected the GFP-expressing
Purkinje cell dendrites (Fig. 3a). As in slices that were not
transfected with GFP (Fig. 1), single parallel fibers with
ovoid axonal varicosities (Fig. 3) could be observed.
Although many fibers crossed labeled Purkinje cells, only
a small number of DiI-labeled axonal varicosities (1–4)
were considered to be putative contacts in each prepara-
tion (see Methods). In our sample of putative contacts, in
the majority (91.5%) of pairs, the bcontactQ was observed
in 2–3 focal planes. Although we did not verify in these
experiments (i.e., by ultrastructural analysis) that the
imaged pairs were indeed in synaptic contact, the fact
that overlap between terminals and spines is observed in
multiple focal planes makes it likely that some of them
are in close proximity and even in contact. We have
imaged spines on 28 GFP-expressing Purkinje cells and
found 64 axonal varicosities that were closely apposed to
the labeled dendritic spines, suggesting that they are
presynaptic terminals. We next analyzed the dynamic
properties of closely apposed dendritic spines and axonal
varicosities.
Fig. 3. Morphology of Purkinje cell and parallel fiber putative contacts in frontal cerebellar slice cultures. (a) A fan-shaped GFP-labeled Purkinje cell (green) is
intersected by multiple DiI-labeled (red, arrows) parallel fibers at the molecular layer. (b) A more typical morphology of Purkinje cell dendrites in the frontal
slice cultures where most Purkinje cells are viewed from the side. (c–e) GFP-labeled dendritic spines in close apposition to DiI-labeled axonal terminal making
putative synaptic contacts. (f) Images from single focal planes of the pair shown in (e), demonstrating contact (yellow pixels) in multiple focal planes. Scale bar:
10 Am in (a), 15 Am in (b), 5 Am in (c–e) and 7 Am in (f).
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Purkinje cell dendritic spines: motile spines and immotile
presynaptic terminals
Having previously reported that dendritic spines are
highly motile structures (Fig. 4A, Dunaevsky et al., 1999)
and as described above, that granule cell presynaptic
terminals are much less so (Fig. 2a), we set out to test
whether these relatively different levels of motility were
true of structures proximal to each other and potentially
pre- and postsynaptic to one another, by imaging the pairs
simultaneously.
Analysis of the putative synaptic contacts revealed that out
of 64 pairs imaged, 84% of the spines appeared motile. The
spines that appeared to maintain contact with the presynapticterminals (87.6%) displayed various types of motility, such as
elongation (40.6% Figs. 4a, c and e), head bmorphingQ
(32.8%, Fig. 4b) or formation of a filopodium from the spine
head (10.9%). In frontal slices, many dendritic spines extend
and retract repeatedly in the direction perpendicular to the
dendritic shaft and in the direction and plane of the parallel
fibers (Figs. 4a, c and f). Although it is likely that spines are
also moving in the axial (z) plane, limits of resolution in the
axial plane prevent us from detecting such movement.
In contrast to the dendritic spines, the parallel fiber
presynaptic terminals in close vicinity to and potentially
presynaptic to spines were very stable (Figs. 4a, b, c, and e).
We computed the motility index (MI) of axonal boutons and
spines in 44 putative contacts imaged simultaneously. As
predicted from time-lapse data of singly imaged spines
Fig. 4. Time-lapse imaging of morphological dynamics of closely apposing parallel fiber terminals and Purkinje cell dendritic spines. (a) Parallel fiber axonal
varicosity does not display morphological rearrangements while nearby dendritic spines (arrow) do. (b) A putative synaptic contact (arrow) at which neither the
presynaptic terminal nor the dendritic spines exhibit motility. (c) A putative synaptic contact (arrow) at which the presynaptic terminal does not change (inset)
but the dendritic spine does. (d) A tip of the spine contacts an axonal varicosity that slides along it (arrow). (e) An axonal varicosity changes shape and transiently
bulges out towards a dendritic spine (arrow). (f) A single axonal terminal is contacted by two dendritic spines. Although the terminal does not change (inset), the
top spine (arrow) appears to extend along the parallel fiber and then retract. Time is indicated in minutes. Scale bar: 4 Am in a and b and 5 Am in (c–e).
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spines was much higher than the presynaptic terminals
that apposed them (1.2F 0.08 and 0.6F 0.04 meanF SEM
for spines and terminals, respectively, n = 44, Mann–
Whitney U test P b 0.0001, Fig. 5a). Analysis of the
motility indices indicated unimodal distributions for presy-
naptic terminals while the dendritic spines exhibited a wide
range of motility (Fig. 5b). We have also used a different
measure of motility that calculates the displacement of the
center of mass (COM) of an area. The motility of spines as
determined by COM was also greater than that of axonal
terminals (0.03 F0.004 and 0.01 F 0.001 Am/min;
mean F SEM for spines and terminals, respectively,
n = 44, Mann–Whitney U test P b 0.0001). In a very fewcases, we observed clear movement of axonal varicosities. In
one case, the terminal protruded on one side toward a spine
(Fig. 6d). The MI for that terminal was 1.1, compared to the
average of 0.6 F 0.04 for all terminals. The fact that the MI
reflects the observed change in the overall terminal shape
validates the MI as a good measure of both spines and
terminal motility although they have different morphologies
and dimensions.
To test whether there is a correlation between the motility
of closely apposing pairs of pre- and postsynaptic structures,
we used regression analysis. We found that there was no
correlation between the magnitude of spine and terminal
motility as measured by the MI (Fig. 5). Thus, these results
verify the differences in motility of axonal boutons and
Fig. 5. Dendritic spines exhibit higher motility than the closely apposing presynaptic terminals. (a) The average Motility Index (MI) of pairs of closely apposing
spines and axonal varicosities. (b) The distribution of MI of dendritic spines and the presynaptic terminals that they contact. (c) The motility of postsynaptic
spines and presynaptic terminals is not correlated.
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and indicate that indeed presynaptic boutons move very little
compared to their putative postsynaptic target spines. These
results point to our previous conclusions by ultrastructural
analysis that spines can be morphologically plastic even
when bearing a synaptic contact (Dunaevsky et al., 2001).
Axonal terminal activity and spine motility
Although it is clear from the experiments above that
spines can continue to display morphological dynamics
while in close apposition with axonal varicosities (also
Dunaevsky et al., 2001), it is not known whether
functional synapses capable of activity dependent release
of neurotransmitters are in contact with motile dendritic
spines. To address this, we used the styryl dye FM1-43 to
optically assay the activity-dependent synaptic vesicle
recycling in synaptic terminals in cerebellar slice cultures.
In most cases, spine motility was first recorded with time-
lapse microscopy (Figs. 6a and 6b). Synaptic vesicle
recycling was then induced by depolarizing the cells by
exposure to 40–60 mM K+ ACSF. Upon removal of excess
FM1-43, one could detect numerous round fluorescent
puncta, some of which were in very close apposition to
GFP-labeled dendritic spines. An FM1-43 punctum was
considered to represent a functional synaptic terminal onlyif it was subsequently destained upon exposure to 60 mM
K+ (Figs. 6d, e). The FM1-43 puncta size had bimodal
distribution (Fig. 6g) and generally appeared smaller
(diameter of 0.6 F 0.35 Am Mean F SD, n = 120 spots
from 11 slices) than the DiI-labeled axonal varicosities.
The size difference can be explained by the fact the FM1-
43-labeled puncta most likely represent clusters of synaptic
vesicles inside the presynaptic terminals (Figs. 6c–h). We
have determined the number of motile and immotile
dendritic spines that were in close apposition to functional
presynaptic terminals. Among the spines apposed by a
functional synaptic terminal (111 spines, 6 cells), 82%
were motile, and only 18% were not motile. These data
demonstrate that spines can display morphological dynam-
ics in the presence of functional synaptic terminals.
To further analyze whether spine motility occurs in the
presence of functional synaptic boutons, dendritic spines
were imaged after FM1-43 loading into the presynaptic
terminals. Because FM1-43 bleaches fairly rapidly, we
were able to perform only short time-lapse sequences (6–
8 time points over a period of 3–10 min. We observed
interactions between spines and axonal varicosities
labeled with FM1-43 similar to those described above
in terminals labeled with DiI. These interactions included
stable contacts where neither the spine nor the FM1-43
puncta exhibited motility (Fig. 6g), elongation of den-
Fig. 6. Functional synaptic terminals are found in close proximity to motile dendritic spines. (a) A dendrite of a GFP-labeled Purkinje cell. (b) Time-lapse images
of a spine (inset in a). (c) The same dendritic segment as in (a) after activity-dependent loading of FM1-43. Some spines (arrows) are in close contact with FM1-
43 puncta while others are not (arrowhead). Inset shows the same spine as in b in a close apposition to FM1-43 punctum. (d) Terminals that were labeled with
FM1-43 could be destained (e), upon stimulation in absence of FM1-43. (f) Distribution of FM1-43 puncta diameter. (g) Time-lapse images of GFP-labeled
dendrite after FM1-43 loading showing non-motile spines in contact with functional synaptic terminals. (h) A spine (arrow) growing towards an FM1-43-labeled
punctum. (i) A spine maintains contact with an FM1-43 punctum while a filopodia emerges from its head. (j) An FM1-43-labeled punctum (arrow) moves
rapidly from left to right. Time is indicated in minutes. Scale bar: 7 Am in (a) and (c), 3.5 Am in (b), 5 Am in (d), (e), (g), (i), and (j), and 4 Am in (h).
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6h), and elongation of a filopodium from the spine head
while in contact with an FM1-43 puncta (Fig. 6i). The
FM1-43 puncta were generally not motile. Occasionally,we observed puncta that appeared to travel very rapidly
but such puncta never appeared to be in contact with
labeled dendritic spines (Fig. 6j). Since such rapid
movement was never observed when varicosities were
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vesicle packets traveling within the axon (Ahmari et al.,
2000; Dai and Peng, 1996; Krueger et al., 2003). These
analyses thus indicate that the interactions between spines
and putative synaptic contacts, can occur when presy-
naptic terminals are functional and capable of activity-
dependent synaptic vesicle recycling, are in close
proximity to dendritic spines.Discussion
Dendritic spines are now known to be highly motile
structures, but the behavior of dendritic spines in relation
to their presynaptic partners has not been investigated.
This is the first analysis in which the morphological
dynamics of both dendritic spines and presynaptic axon
terminals have been examined. Using simultaneous time-
lapse two-photon imaging of axons and dendrites in
cerebellar slice cultures, we analyzed the relative dynamic
properties of parallel fiber terminals and Purkinje cell
dendritic spines in close proximity. We report that in
cerebellar slices from postnatal day 10 mice, in putative
contacts between pairs of axonal terminals and spines, the
dendritic spines are much more motile than the terminals
they appose. In addition, our finding that spine motility
persists while in putative contact with functional synaptic
terminals suggests roles additional to initiating cell–cell
contact.
We report here that parallel fiber axonal terminals are
less motile than dendritic spines. The reduced level of
motility of terminals is evident from the viewing of the
time-lapse sequences (Supplementary data). It is also
evident from the computed MI (Fig. 5a), which is propor-
tional to the area covered by a structure over the period that
the cell was imaged, and takes into account changes in
length as well as displacements of spines and terminals
(Dunaevsky et al., 1999, 2001). Although it is possible that
theMI might underestimate the motility of terminals, some of
which are larger than dendritic spines, we have determined
that it most accurately reflects the subjective impression of
motility. An additional method for measuring motility, the
displacement of the center of mass (COM) of the terminals
and spines, led to the same conclusion that terminals are less
motile than spines.
Spine and terminals differ not only in size but also in
structural features. While spines protrude from a dendritic
shaft, en passant axonal terminals are anchored between two
segments of an axon. How would the motility of this type of
presynaptic terminal appear and would the MI be able to
detect it? During a bout of motility, the entire axonal
terminal can be pulled by a spine, resulting in a displace-
ment that should be detected by the MI. Alternatively, a
distortion in the shape of a terminal (growth or retraction)
will result in a change that will be detected by the MI. In
fact, when obvious morphological changes in axonalvaricosities were observed (Fig. 4e), this was reflected in
higher MI. This indicates that despite differences in the
dimensions and structure of presynaptic terminals and
dendritic spines, the MI is capable of detecting changes in
both spines and terminals.
What is the structural relationship between parallel fiber
terminals and Purkinje cell dendritic spines and how could it
affect the dynamic features of these cellular compartments?
In the adult rat, 80% of parallel fiber terminals occur on
dendritic spines, 9% contact dendritic shafts, and approx-
imately 11% do not have a postsynaptic partner (Pichit-
pornchai et al., 1994). Moreover, 20% of terminals can be
shared by two dendritic spines (Fig. 4f, Harris and Stevens,
1988). Although multiple synaptic contacts on parallel
terminals might cause reduced motility, this is unlikely to
explain our results since we find that a vast majority of the
axonal terminals are not motile.
Although the limit of resolution with light level
microscopy makes it difficult to be certain that the two
structures in view are in fact in contact, several lines of
evidence support the conclusion that a large number of
axonal varicosities we imaged might be synaptic contacts.
First, the dimensions of the varicosities are consistent with
previously reported dimensions for axonal terminals
(Pichitpornchai et al., 1994). Second, we have shown by
electron microscopy that varicosities similar to the ones we
imaged contain synaptic vesicles and are in contact with
dendritic spines (Fig. 2). The close apposition between
labeled axonal varicosities and dendritic spines (Fig. 3)
seen in the 2-photon images suggests that these are the
same terminals that contact the labeled spines. Moreover,
the fact that the contact between GFP-labeled spines and
DiI or FM1-43-labeled terminals can be observed in
multiple focal planes is a further indication that these
structures are in contact (Fig. 3f). Nevertheless, we cannot
rule out the possibility that a subset of the imaged
bcontactsQ are not synaptic but rather contact other cellular
processes that are unlabeled and therefore not visualized.
Here, we chose not to use GFP-tagged synaptic proteins
that would label subsynaptic components (Marrs et al.,
2001), but rather to visualize the entire spine and terminal
in order to better understand the dynamic structural
interactions between these synaptic partners during spine
motility.
Assuming that the closely apposing pairs of spines and
terminals we have imaged are synaptic contacts, the most
perplexing question is how can a spine move while it is in
contact with an immotile terminal? In one scenario, the
contact would be broken during a bout of spine motility
(Dunaevsky and Mason, 2003). Although strong adhesive
forces are likely to hold the pre- and postsynaptic
membranes of mature synaptic contacts, it is possible that
these forces are not as strong in nascent synaptic contacts
(Landis, 1987) or that their strength is regulated by activity
(Tanaka et al., 2000). A more likely scenario is that the
spine moves around the contact point of the synaptic
J. Deng, A. Dunaevsky / Developmental Biology 277 (2005) 366–377376density, and only the surface that is not in direct contact with
the presynaptic terminals is morphologically dynamic
(Dunaevsky and Mason, 2003).
The motility of dendritic spines has been previously
suggested to induce the formation of new cell–cell
contacts. Although we have observed a very small number
of spines that elongated towards axonal terminals and
formed stable cell–cell contacts (J.D and A.D. unpublished
results), the vast majority of the terminal-spine pairs we
observed appeared to be in stable contact, with a large
proportion of motile dendritic spines in close apposition to
functional yet relatively immotile synaptic terminals (Fig.
6). This finding might appear to contradict previous studies
in dissociated hippocampal neuronal cultures that have
demonstrated that spine motility is inversely related to
innervation (Korkotian and Segal, 2001; Ziv and Smith,
1996). This apparent discrepancy can be explained by
spines having both protrusive motility (formation of new
spines) as well as more subtle bmorphingQ and elongation
motility. Do different types of motility have different
functions? What could be the role of spine motility after
synaptic contacts have formed? One possibility is that even
after formation of contact, spine motility allows the spines
to probe for different contacts thus mediating synaptic
competition. In support of such a possibility, increased
spine motility following sensory deprivation has recently
been reported and was suggested to underlie changes in
synaptic connectivity (Majewska and Sur, 2003). Functions
for spine motility unrelated to synaptogenesis include
possible interaction with nearby spines on the same cell
or other cells in the neuropil such as glial cells (Grosche et
al., 2002; Murai et al., 2003). Finally, spine motility might
be related to trafficking or rearrangement of signaling
molecules or synaptic components in the spine (Marrs et
al., 2001), and would not necessarily depend on or be
associated with presynaptic terminal motility.Acknowledgments
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